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LiMn204  powders  have  been  directly  prepared  by  flame  spray  pyrolysis  from  an  aqueous  spray  solution 
of  the  metal  salts.  The  powders  prepared  at  a  low  fuel  gas  flow  rate  (3  Lmirr1 )  comprise  particles  with 
a  bimodal  size  distribution,  i.e.,  submicron-  and  nanometer-sized  particles,  and  have  crystal  structures 
of  LiMn204  and  Mn304  phases.  However,  the  powders  prepared  at  a  high  fuel  gas  flow  rate  (5  Lmirr1 ) 
comprise  nanometer-sized  particles  and  have  pure  crystal  structure  of  LiMn204  phase.  The  powders 
comprising  nanosized  particles  are  well  crystallized,  and  the  particles  have  a  polyhedral  structure.  The 
mean  particle  size  of  these  powders  is  27  nm.  The  powders  prepared  directly  by  flame  spray  pyrolysis 
comprise  nanosized  particles  and  have  the  pure  crystal  structure  of  LiMn204,  irrespective  of  the  amount 
of  excess  lithium  in  the  precursor  solution.  The  initial  discharge  capacities  of  these  powders  increase  from 
91  to  1 12  mAhg-1  when  the  amount  of  excess  lithium  is  increased  from  0%  to  30%  of  the  stoichiometric 
amount.  The  optimum  amount  of  excess  lithium  required  to  prepare  LiMn204  powders  with  nanosized 
particles  and  the  maximum  possible  initial  discharge  capacity  is  10%. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Currently,  extensive  studies  are  being  carried  on  the  feasibil¬ 
ity  of  using  LiMn204  as  a  substitute  for  LiCo02.  This  is  because 
LiMn204  is  more  advantageous  than  LiCo02  in  terms  of  cost- 
effectiveness  and  environment  friendliness  [1-5].  It  is  well  known 
that  the  electrochemical  performance  of  a  cathode  material  is 
strongly  affected  by  the  particle  properties  such  as  morphology, 
specific  surface  area,  crystallinity,  and  composition  [6-9].  In  recent 
years,  attempts  have  been  made  to  use  fine  cathode  powders 
(powders  comprising  fine-sized  particles)  for  the  development 
of  high-capacity  lithium  secondary  batteries  [10-15].  The  use  of 
cathode  powders  comprising  nanosized  particles  has  also  been 
investigated  because  these  powders  have  high  charge/discharge 
rates.  The  high  charge/discharge  rates  are  in  turn  due  to  the  large 
electrode/electrolyte  interface  area  achieved  when  using  these 
powders  [16-21]. 

Various  types  of  cathode  powders  comprising  nanosized  par¬ 
ticles  have  been  prepared  by  liquid-solution  methods  such  as  the 
sol-gel  method  and  coprecipitation  [22-25].  Liquid-solution  meth¬ 
ods  have  the  advantage  of  low  preparation  temperature.  However, 
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hard  aggregation  between  the  nanometer-sized  powders  occurs 
during  the  post-treatment  process.  Flame  spray  pyrolysis  has  been 
extensively  used  to  prepare  cathode  and  anode  powders  compris¬ 
ing  nanosized  particles  [21,26-29].  Cathode  powders  comprising 
nanosized  particles  were  prepared  directly  by  the  flame  spray 
pyrolysis  process  because  of  the  high  temperature  of  the  flame. 
Therefore,  the  cathode  powders  prepared  by  flame  spray  pyroly¬ 
sis  had  non-aggregation  characteristics.  LiCo02,  LiV308,  Li4Ti50i2, 
LiFesOs,  and  LiMn204  powders  prepared  by  flame  spray  pyroly¬ 
sis  have  been  reported  to  have  good  electrochemical  properties. 
Flame  spray  pyrolysis  is  known  to  be  an  efficient  continuous  pro¬ 
cess  for  the  large-scale  production  of  cathode  powders  comprising 
nanosized  particles.  However,  this  method  involves  the  use  of  non- 
aqueous  solvents  such  as  2-ethylhexanoic  acid,  toluene,  xylene, 
and  methyl  alcohol.  For  the  large-scale  production  of  the  above- 
mentioned  type  of  cathode  powders,  it  is  necessary  to  use  aqueous 
spray  solutions  prepared  from  inexpensive  metal  salt  precursors. 
In  previous  studies,  a  gas-assist  nozzle  was  employed  to  generate 
fine  droplets. 

In  this  study,  we  prepared  LiMn204  cathode  powders  compris¬ 
ing  nanosized  particles  by  flame  spray  pyrolysis  using  an  aqueous 
spray  solution  prepared  from  inexpensive  metal  salts.  An  ultrasonic 
spray  generator  was  used  to  generate  fine-sized  droplets.  The  elec¬ 
trochemical  properties  of  the  prepared  LiMn204  cathode  powders 
were  investigated. 
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Fig.  1.  Schematic  diagram  of  the  flame  spray  pyrolysis  process. 


2.  Experimental 

As  shown  in  Fig.  1 ,  the  flame  spray  pyrolysis  system  has  a  droplet 
generator,  a  flame  nozzle,  a  quartz  reactor,  a  powder  collector, 
and  a  blower.  A  1.7-MHz  ultrasonic  spray  generator  with  six  res¬ 
onators  is  used  to  generate  droplets,  which  are  then  carried  into  the 
high-temperature  diffusion  flame  by  oxygen  (carrier  gas).  Droplets 
or  powders  evaporate,  decompose,  and  melt  inside  the  diffusion 
flame.  Propane  (fuel)  and  oxygen  (oxidizer)  are  used  to  produce  the 
diffusion  flame.  The  flame  nozzle  consists  of  five  concentric  pipes. 
Droplets  generated  from  the  precursor  solution  are  supplied  to  the 
diffusion  flame  through  the  central  pipe  by  the  carrier  gas,  whose 
flow  rate  is  varied  appropriately.  The  flow  rate  of  the  fuel  gas  is 
changed  from  2  to  5  L  min-1 .  The  flow  rates  of  the  oxidizer  and  car¬ 
rier  gases  are  fixed  at  40 L min-1  and  lOLmin-1,  respectively.  The 
total  concentration  of  lithium  carbonate  (LiC03,  Aldrich)  and  man¬ 
ganese  acetate  hexahydrate  (Mn(CH3C02)-4H20,  Aldrich)  is  0.3  M. 
The  amount  of  excess  lithium  in  the  solution  is  changed  from  0%  to 
30%  of  the  stoichiometric  amount. 

The  charge/discharge  capacities  of  the  prepared  LiMn204  cath¬ 
ode  powders  were  determined.  The  electrode  was  fabricated  using 
a  mixture  of  12  mg  of  LiMn204  and  4  mg  of  TAB  (TAB  is  a  mix¬ 
ture  of  3.2  mg  of  teflonized  acetylene  black  and  0.8  mg  of  a  binder). 
Lithium  metal  and  a  microporous  polypropylene  film  were  used  as 
the  counter  electrode  and  separator,  respectively.  The  electrolyte 
(TECHNO  Semichem,  Co.)  was  1  M  LiPF6  in  a  1:1  (v/v)  mixture  of 
EC/DMC.  The  entire  cell  was  assembled  in  a  glove  box  in  an  argon 
atmosphere.  The  charge/discharge  characteristics  of  the  samples 
were  determined  by  potential  cycling  in  the  range  3.0-4.3V  at  a 
current  density  of  0.1  C. 

3.  Results  and  discussion 

The  morphologies  of  the  LiMn204  powders  prepared  by  flame 
spray  pyrolysis  were  affected  by  the  type  of  solvent  used  and  the 
flow  rates  of  the  fuel,  oxidizer,  and  carrier  gases.  An  increase  in 
the  flow  rate  of  the  fuel  gas  causes  an  increase  in  the  tempera¬ 
ture  and  length  of  the  diffusion  flame.  The  flow  rate  of  the  oxidizer 
gas  should  be  optimized  to  obtain  the  diffusion  flame  with  high 
temperature  by  complete  combustion  of  the  fuel  gas.  The  flow  rate 
of  the  carrier  gas  will  change  the  residence  time  of  the  powders 
inside  the  diffusion  flame.  In  this  study,  we  found  that  complete 


evaporation  of  the  Li  and  Mn  components  should  occur  inside 
the  diffusion  flame  so  that  nanometer-sized  LiMn204  powders  are 
obtained.  Therefore,  the  flow  rates  of  the  fuel,  oxidizer,  and  car¬ 
rier  gases  were  optimized  in  our  flame  spray  pyrolysis  process  as 
5Lmin-1,  40 L min-1,  and  lOLmin-1,  respectively.  Fig.  2  shows 
the  scanning  electron  microscopy  (SEM)  image  of  the  LiMn204 
powders  prepared  by  flame  spray  pyrolysis  under  the  optimum 
preparation  conditions,  for  different  amounts  of  excess  lithium  in 
the  spray  solution.  The  flow  rate  of  the  fuel  gas  was  5  L  min-1 .  All  the 
powders  prepared  by  flame  spray  pyrolysis  comprised  nanometer¬ 
sized  particles  and  were  slightly  aggregated,  irrespective  of  the 
amount  of  excess  lithium.  Complete  evaporation  of  the  lithium  and 
manganese  components  occurred  inside  the  high-temperature  dif¬ 
fusion  flame.  Therefore,  LiMn204  powders  comprising  nanosized 
particles  were  formed  by  nucleation  and  growth  from  the  evapo¬ 
rated  vapors.  Fig.  3  shows  the  transmission  electron  microscopy 
(TEM)  images  and  electron  diffraction  pattern  obtained  for  the 
LiMn204  powders  prepared  using  the  spray  solution  in  which  the 
amount  of  excess  lithium  was  10%  of  the  stoichiometric  amount. 
The  powder  particles  were  well  crystallized  and  had  a  polyhedral 
structure.  From  the  TEM  images,  the  mean  size  of  the  powders  was 
determined  to  be  27  nm.  Fig.  4  shows  the  X-ray  diffraction  (XRD) 
patterns  of  the  LiMn204  powders  prepared  using  spray  solutions 
with  different  amounts  of  excess  lithium.  The  powders  prepared 
directly  by  flame  spray  pyrolysis  comprised  pure  LiMn204  crystals, 
irrespective  of  the  amount  of  excess  lithium  in  the  spray  solution. 
The  mean  crystallite  sizes  of  the  LiMn204  powders  prepared  from 
the  spray  solutions  in  which  the  amount  of  excess  lithium  was  0%, 
10%,  and  30%  were  24,  20,  and  21  nm,  respectively. 

The  effect  of  the  amount  of  excess  lithium  dissolved  in  the 
spray  solutions  on  the  initial  charge/discharge  capacities  of  the 
LiMn204  powders  is  shown  in  Fig.  5.  The  initial  discharge  capac¬ 
ity  changed  from  91  to  112  mAh  g-1  when  the  amount  of  excess 
lithium  was  increased  from  0%  to  30%  of  the  stoichiometric  amount. 
The  optimum  amount  of  excess  lithium  required  for  the  preparation 
of  LiMn204  powders  with  the  maximum  initial  charge/discharge 
capacity  was  10%. 

The  effects  of  fuel  gas  flow  rate  on  the  morphologies  and  crys¬ 
tal  structures  of  the  powders  prepared  by  flame  spray  pyrolysis 
are  shown  in  Figs.  6  and  7,  respectively.  The  amount  of  excess 
lithium  was  fixed  at  10%  of  the  stoichiometric  amount.  The  pow¬ 
ders  prepared  at  a  low  fuel  gas  flow  rate  of  2Lmin-1  comprised 
submicron-sized  hollow  spherical  particles.  In  this  case,  evapo¬ 
ration  of  the  lithium  and  manganese  components  did  not  occur 
because  of  the  low  flame  temperature  and  short  flame  length.  The 
powders  prepared  at  a  fuel  gas  flow  rate  of  3Lmin-1  comprised 
particles  with  a  bimodal  size  distribution,  i.e.,  the  powders  com¬ 
prised  both  nanometer-  and  submicron-sized  particles.  Powders 
with  nanometer-sized  particles  were  formed  from  the  evaporated 
vapors.  Incomplete  evaporation  of  the  lithium  and  manganese  com¬ 
ponents  resulted  in  the  formation  of  powders  comprising  spherical 
submicron-sized  particles.  Complete  evaporation  of  the  lithium 
and  manganese  components  occurred  when  the  fuel  gas  flow  rate 
was  4Lmin-1.  Therefore,  powders  comprising  nanosized  parti¬ 
cles  with  a  narrow  size  distribution  could  be  obtained  when  the 
fuel  gas  flow  rate  was  4Lmin-1.  The  powders  prepared  at  low 
fuel  gas  flow  rates  (<3Lmin-1)  had  crystal  structure  of  LiMn204 
and  Mn304  phases.  At  high  flame  temperatures,  the  lithium  and 
manganese  components  had  different  evaporation  characteristics. 
Therefore,  the  powders  comprising  nanosized  and  submicron-sized 
particles,  prepared  at  low  fuel  gas  flow  rates  of  less  than  3  Lmin-1, 
had  different  compositions.  On  the  basis  of  these  observations,  we 
state  that  it  is  necessary  to  ensure  complete  evaporation  of  the 
lithium  and  manganese  components  in  the  spray  solution  so  that 
phase-pure  LiMn204  powders  comprising  nanosized  particles  are 
obtained. 
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Fig.  2.  SEM  images  of  the  LiMn204  powders  prepared  from  the  spray  solutions  with  different  excess  amounts  of  lithium  component. 


Fig.  8  shows  the  initial  charge/discharge  curves  for  the  pow¬ 
ders  prepared  by  flame  spray  pyrolysis  at  different  fuel  gas  flow 
rates.  The  powders  prepared  at  low  fuel  gas  flow  rates  had  low 
charge/discharge  capacities  because  of  the  impurity  phase  present. 
However,  the  nanosized-particle-containing  LiMn204  powders 


prepared  at  high  fuel  gas  flow  rates  had  high  discharge  capacity 
even  without  post-treatment.  The  initial  discharge  capacities  of  the 
powders  were  54, 53, 1 02,  and  112  mAh  g-1  when  the  fuel  gas  flow 
rates  were  2,3,4,  and  5  L  min-1 ,  respectively.  Fig.  9  shows  the  cycle 
properties  of  the  powders  prepared  by  flame  spray  pyrolysis  for  dif- 


J.H.  Yi  et  al.  /  Journal  of  Power  Sources  196(2011)  2858-2862 


2861 


a  low  resolution  image  and  electron  diffraction 


b  high  resolution  image 

Fig.  3.  TEM  images  of  the  LiMn204  powders  prepared  from  the  spray  solution  with 
10%  excess  of  lithium  component. 


Fig.  4.  XRD  patterns  of  the  LiMn204  powders  prepared  from  the  spray  solutions 
with  different  excess  amounts  of  lithium  component. 


Fig.  5.  Initial  charge/discharge  curves  of  the  LiMn204  powders  prepared  from  the 
spray  solutions  with  different  excess  amounts  of  lithium  component. 
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Fig.  6.  SEM  images  of  the  LiMn204  powders  prepared  at  different  flow  rates  of  fuel 
gas  (fuel-oxidizer-carrier  gas). 
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gas. 


Fig.  8.  Initial  charge/discharge  curves  of  the  LiMn204  powders  prepared  at  different 
flow  rates  of  fuel  gas. 


Fig.  9.  Cycle  properties  of  the  LiMn204  powders  prepared  at  different  flow  rates  of 
fuel  gas. 

ferent  fuel  gas  flow  rates.  The  discharge  capacities  of  the  powders 
prepared  at  a  high  fuel  gas  flow  rate  (5Lmin_1)  decreased  from 
112  mAh  g-1  to  62  mAh  g-1  by  the  30th  cycle. 

4.  Conclusions 

Lithium  and  manganese  components  were  found  to  have  dif¬ 
ferent  evaporation  characteristics  in  a  high-temperature  diffusion 


flame.  Therefore,  powders  comprising  particles  with  a  bimodal 
size  distribution  (powders  comprising  submicron-  and  nanometer¬ 
sized  particles)  were  obtained  at  low  fuel  gas  flow  rates;  the 
charge/discharge  capacities  of  these  powders  were  low  because 
of  the  presence  of  impurity  phases  in  the  component  particles. 
Complete  evaporation  of  the  lithium  and  manganese  components 
occurred  in  the  high-temperature  diffusion  flame  when  the  fuel 
gas  flow  rate  was  as  high  as  5Lmin-1.  The  powders  prepared 
directly  by  flame  spray  pyrolysis  comprised  pure  LiMn204  crystals 
when  the  amount  of  excess  lithium  in  the  precursor  solution  was 
increased  from  0%  to  30%  of  the  stoichiometric  amount.  The  initial 
charge/discharge  capacities  of  the  LiMn204  powders  were  affected 
by  the  amount  of  excess  lithium.  The  optimum  amount  of  excess 
lithium  required  to  prepare  LiMn204  powders  with  nanosized  par¬ 
ticles  and  the  maximum  possible  initial  charge/discharge  capacity 
was  10%. 
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